Inhaled glucocorticoids, such as beclomethasone dipropionate (BDP), are the mainstay treatment of asthma. However, ∼30% of patients exhibit little to no benefit from treatment. It has been postulated that glucocorticoid resistance, or insensitivity, is attributable to individual differences in glucocorticoid receptormediated processes. It is possible that variations in cytochrome P450 3A enzyme-mediated metabolism of BDP may contribute to this phenomenon. This hypothesis was explored by evaluating the contributions of CYP3A4, 3A5, 3A7, and esterase enzymes in the metabolism of BDP in vitro and relating metabolism to changes in CYP3A enzyme mRNA expression via the glucocorticoid receptor in lung and liver cells. . These studies show that CYP3A4 and CYP3A5 metabolize BDP to inactive metabolites and suggest that differences in the expression or function of these enzymes in the lung and/or liver could influence BDP disposition in humans.
Introduction
Beclomethasone dipropionate (BDP) (Fig. 1) is a glucocorticoid administered by inhalation to treat asthma. BDP is administered as a prodrug that requires cleavage of the C-21 ester by esterase enzymes to be pharmacologically active (Wilcox and Avery, 1973; Brogden et al., 1984) . Prior studies have described the production and pharmacokinetic properties of beclomethasone-17-monopropionate ([M1] in Fig. 2 ) and the pharmacologically less active metabolites beclomethasone 21-monopropionate [M2] and beclomethasone [M3] in human plasma and human lung homogenates (Foe et al., 1998a (Foe et al., ,b, 2000a Daley-Yates et al., 2001 ). All three BDP metabolites are glucocorticoid receptor (GR) agonists, but beclomethasone 17-monopropionate [M1] exhibits 30-fold greater affinity for GR than BDP, whereas beclomethasone 21-monopropionate [M2] has ∼50-fold lower affinity than BDP (Wurthwein and Rohdewald, 1990; Chanoine et al., 1991) .
Prior studies demonstrated that de-esterification and activation of BDP was principally mediated by esterases (Mutch et al., 2007) . Additionally, three other metabolites, designated as D-1, D-2, and D-3, have been documented (Foe et al., 1998a, b) . D-2 and D-3 contained an epoxide on the C-ring at positions 9 and 11 ( Fig. 1) , presumably arising from cytochrome P450-mediated oxygenation and hydrolysis of both the 17-and 21-esters (D-2) or the 21-ester only (D-3); these metabolites are presumably inactive/clearance metabolites. Metabolism arising from the A-and B-rings of BDP ( Fig. 1) has not been reported in the literature, nor has the production of specific metabolites by individual cytochrome P450 enzymes.
Xenobiotic metabolism in humans and animals frequently involves the action of cytochrome P450 enzymes. The most abundant subfamily of cytochrome P450 enzymes contributing to the clearance of the largest number of different xenobiotics is the CYP3A enzymes (Thummel and Wilkinson, 1998) . CYP3A4, 3A5, and 3A7 are the most pertinent cytochrome P450 enzymes for this study because they are the most prominent cytochrome P450 enzymes involved in glucocorticoid metabolism (Jonsson et al., 1995; Pearce et al., 2006) . CYP3A4 is the most abundant CYP3A enzyme in the liver and intestines (Jonsson et al., 1995; Westlind-Johnsson et al., 2003; Leclerc et al., 2010) , and CYP3A5 is preferentially expressed in the lung (Hukkanen et al., 1997 (Hukkanen et al., , 2003 Leclerc et al., 2010) . CYP3A7 is expressed in fetal liver, but diminishes after birth as CYP3A4 becomes the dominant CYP3A enzyme (Schuetz et al., 1994; Lacroix et al., 1997) . To date, the metabolism of BDP by these three human CYP3A enzymes and the contribution of cytochrome P450-dependent metabolism to the overall metabolism of BDP in lung and liver cells have not been reported.
The purpose of this study was to evaluate CYP3A-mediated metabolism of BDP to provide insights into how cytochrome P450 enzymes might affect the disposition of BDP in lung cells, which are the target for inhaled glucocorticoids. These studies are part of a larger study having an overarching hypothesis that variations in pulmonary metabolic clearance of glucocorticoids by CYP3A enzymes may impact the therapeutic efficacy of inhaled glucocorticoids in humans.
Materials and Methods
Chemicals. Beclomethasone dipropionate (BDP), prednisolone, NADPH, ammonium acetate, eserine, benzoic acid, ketoconazole, and methanol were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Paraoxon was purchased from Chem Service (West Chester, PA). Recombinant cytochrome P450 3A4, 3A5, and 3A7 enzymes were purchased from Becton Dickinson and Company (Franklin Lakes, NJ). Human liver microsomes were purchased from Celsis In Vitro Technologies (Baltimore, MD). Beclomethasone 17-monopropionate, beclomethasone 21-monopropionate, and beclomethasone were purchased from Steraloids, Inc. (Newport, RI).
Liquid Chromatography-Tandem Mass Spectrometry. Liquid chromatography-tandem mass spectrometry (LC/MS/MS) was conducted using a Thermo LCQ Advantage Max ion trap instrument equipped with a Finnigan Surveyor LC pump, Surveyor Autosampler, and universal Ion Max source operated with Thermo Xcalibur software version 2.0 (Thermo Fisher Scientific, Waltham, MA). Positive electrospray ionization (ESI) was used. The mass spectrometer was optimized for the detection of BDP. The source temperature was 290°C, ionization voltage was 4.5 kV, capillary voltage was 6 V, and the sheath gas (N 2 ) was 60 units. Parameters for MS/MS analysis were as follows: a collision energy of 27.5% for BDP, Fig. 3 . Comparison of the rates and extent of BDP metabolism and metabolite formation by CYP3A enzymes was based on the analyte-to-internal standard (prednisolone) peak area ratios obtained from data analysis using Thermo Xcalibur 2.0 software.
Characterization of BDP Metabolites. In vitro incubations using human liver microsomes contained 100 pmol of cytochrome P450, 20 mM BDP, and 2 mM NADPH in 50 mM potassium phosphate buffer, pH 7.4 (0.5 ml total volume). Esterase inhibitors (eserine, paraoxon, and benzoic acid in a 1:1:1 mixture, each at 35 mM) were added to inhibit esterase-mediated metabolism and to ascertain the relative contributions of cytochrome P450 enzymes and esterases in BDP metabolism. Reactions were initiated by addition of NADPH and continued at 37°C for 20 minutes. Reactions were terminated by adding 0.5 ml methanol containing prednisolone (5 nM). The samples were cooled on ice for 5 minutes, and the insoluble material was pelleted by centrifugation for 10 minutes at 21,000g. The supernatant was collected, loaded onto C18 Sep-Pak cartridges (Waters, Taunton, MA), washed with water, and eluted with 100% methanol. The eluates containing BDP and metabolites were dried under forced air, reconstituted in 60 ml H 2 O:methanol (1:1 v/v), centrifuged at 21,000g for 5 minutes, and transferred to auto sampler vials for analysis.
Metabolism of BDP by Recombinant CYP3A Enzymes. Incubations contained 2.5 pmol recombinant CYP3A enzyme, 1 mM BDP, and 1.3 mM NADPH in 30 mM potassium phosphate buffer, pH 7.4 (0.5 ml total volume). Control incubations did not contain NADPH. The esterase inhibitors described above were also included in selected incubations, except at concentrations of 28 mM to account for the lower esterase content associated with the recombinant CYP3A microsomes relative to human lung and liver microsomes. Incubations were performed at 37°C, with aliquots of 50 ml removed at 0, 5, 10, 15, 20, 30, 40 , and 60 minutes. Aliquots were mixed with an equal volume of methanol containing prednisolone (1 nM) and prepared for LC/MS/ MS analysis as described above. The ratio of the peak area for BDP relative to the internal standard at each time point was plotted versus time. Data were fit using a one-phase exponential decay model [Y 5 Span(e -kobsX ) 1 Plateau; plateau 5 0, t 1/2 5 0.69/k obs ] using GraphPad Prism 4.02 software for Windows (San Diego, CA) and approximate t 1/2 values are reported.
Characterization of BDP Metabolites Produced by Individual CYP3A Enzymes. Incubations were performed as described above, except 25 pmol of recombinant CYP3A4, 3A5, or 3A7 and 50 mM BDP (0.5 ml total volume) were used.
Analysis of BDP Metabolites in Cell Culture. A549 cells (human lung adenocarcinoma) (ATCC, Manassas, VA) were cultured in Dulbecco's modified Eagle's medium containing 5% fetal bovine serum (Life Technologies, Grand Island, NY). DPX2 cells (HepG2 background with human PXR stably overexpressed to drive the expression of a CYP3A4 reporter gene construct by PXR agonists) were provided by Dr. Judy Raucy (Puracyp Inc., Carlsbad, CA). DPX2 cells were cultured in Puracyp media (Puracyp Inc.) (Lamb et al., 2010) . Both cell lines were plated in six-well plates and treated with BDP (10 mM) in Opti-MEM 1 reduced serum media (Life Technologies) at 70% confluence, with and without esterase inhibitors (paraoxon and eserine 1:1; 175 mM), for 24 hours. Cells treated with esterase inhibitors were pretreated for 2 hours, followed by addition of BDP for 22 hours. The cell culture medium was extracted using 2Â volume (6 ml) methyl tert-butyl ether containing prednisolone (1 nM). Samples were centrifuged and the organic fraction was collected, dried under air at room temperature, reconstituted in 60 ml H 2 O:methanol (1:1 v/v), clarified again by centrifugation, and the supernatant transferred to auto sampler vials for LC/MS/MS analysis. Treatments were also performed in the presence of ketoconazole (1 mM), a selective CYP3A inhibitor, to determine if the metabolites observed in cell culture media were due to CYP3A enzyme activity.
Quantification of CYP3A Enzyme Expression in A549 and DPX2 Cells. Cells were treated as described above using dimethyl sulfoxide as the negative control. TRIzol reagent (Life Technologies) was used to extract total RNA, as per the manufacturer protocol. Total RNA was used to synthesize cDNA using iScript Reverse Transcription Supermix for RT-qPCR (Bio Rad, Hercules, CA), as per the manufacturer's protocol. The sequences of PCR primers for CYP3A4, 3A5, 3A7, and b2-macroglobulin (B2M) are provided in Table 1 . Realtime quantitative PCR (qPCR) was performed using LightCycler 480 Probes Master (CYP3A5) or LightCycler 480 SYBR Green I Master Mix (CYP3A4, CYP3A7, and b2 macroglobulin) (Roche, Indianapolis, IN) on a Light-Cycler 480 Instrument. The PCR program for assays using the probe mix consisted of a 5-minute incubation at 95°C, followed by 45 cycles of 95°C for 10 seconds, 55°C for 30 seconds, then 72°C for 1 second. The PCR program for samples using SYBR Green I mix consisted of a 5-minute incubation at 95°C, followed by 40 cycles of 95°C for 10 seconds, 63°C for 5 seconds, then 72°C for 10 seconds. Experiments were performed on six biologic replicates (n 5 6), mRNA copy number was determined from a standard curve, and the data normalized to the copy number for B2M. (Foe et al., 1998a (Foe et al., ,b, 2000a Daley-Yates et al., 2001; Mutch et al., 2007) were detected in all incubations lacking esterase inhibitors; formation of [M1-M3] , and comparable metabolites produced by CYP3A enzymes using other structurally similar glucocorticoids (Moore et al., 2013) . The MS/MS spectrum for [M4] (m/z 537 at 20 minutes; Fig. 3 ) was characterized by an MH1 ion at m/z 537 (i.e., 116 amu relative to BDP; Fig. 4, A and B) . This mass shift and corresponding 16-amu shifts in several diagnostic fragment ions of BDP, most notably m/z 409, 427, and 445, which corresponded to the neutral loss of the D-ring substituents on C-17 and C-21, loss of water, and HCl, indicated hydroxylation of the core structure of BDP. The fragmentation pattern for [M4] excluded oxygenation on the propionate groups, suggesting that [M4] was most likely 6b-OH-BDP based on the fact that steroids and structurally similar glucocorticoids preferentially undergo 6b-hydroxylation by CYP3A enzymes and [M4] was a common metabolite for both CY3A4 and 3A7 (Jonsson et al., 1995; Teng et al., 2003; Peet et al., 2005; Pearce et al., 2006; Hughes et al., 2008) .
Results

Metabolism of BDP
The MS/MS spectrum for [M5] ( Fig. 4C ; m/z 519 at 20 minutes in Fig. 3 ) was characterized by a molecular ion at m/z 519 (versus m/z 521 for BDP; Fig. 4A ), consistent with desaturation of BDP. Cytochrome P450 3A enzymes dehydrogenate the C-6/7 bond of multiple steroid molecules and other glucocorticoids (Teitelbaum et al., 1981; Edsbacker et al., 1987; Moore et al., 2013) . Therefore, [M5] is presumed to be D 6 -BDP. Consistent with this identification, the fragment ions m/z 501 (MH 1 -H 2 O), 409 (loss of the ester group on C-21), and 393 (loss of the ester group on C-17, H 2 O, and HCl) were 2 amu less than the corresponding fragment ions for BDP (Fig.  4, A and C Fig. 3) were also observed. The MS/MS spectra of the two [M6] chromatographic peaks were indistinguishable. The MS/MS spectrum for the [M6] metabolite peak eluting at 14 minutes is shown in Fig. 5 and is characterized by the addition of oxygen, presumably to the B-ring as described above for [M4], in addition to the removal of an ester group at the C-21 position. On the basis of the MS/MS data, the two [M6] component peaks are believed to arise from oxygen addition at two different sites on the steroid core structure, as discussed for [M4] and CYP3A4 below, and not from differential de-esterification at the C-17 and C-21 positions. The formation of [M6] could theoretically occur through two routes: oxygenation of the B-ring by cytochrome P450 enzymes followed by esterasemediated cleavage at the C-21 position or the reverse Metabolism of Beclomethasone Dipropionate sequence, as depicted in Fig. 6 . Later studies showed that only CYP3A4 could produce [M6] in the presence of active esterases. Differential Metabolism of BDP by CYP3A4, 3A5, and 3A7. Half-lives for the disappearance of BDP in incubations containing recombinant CYP3A4, 3A5, or 3A7 were determined using identical experimental conditions. CYP3A4 (t 1/2 5 55 6 15 minutes) and CYP3A5 (t 1/2 5 43 6 12 minutes) displayed similar kinetics for BDP decomposition, resulting in an approximate 25% decrease in BDP concentration over the course of a 20-minute incubation. CYP3A7 did not metabolize BDP, even at longer time periods. (Fig.  4B) , indicating oxygenation of the core steroid structure similar to [M4] . It is postulated that this metabolite could represent a C-7 hydroxylated metabolite arising from the same metabolic intermediate as [M4] and [M5] or a metabolite oxygenated at either the C-9 or C-11 position, as described previously (Foe et al., 1998a,b) Metabolism of BDP by CYP3A Enzymes in Cells. BDP metabolite formation was evaluated in A549 (Fig. 7A) and DPX2 (Fig. 7B) Expression of CYP3A Enzymes in A549 and DPX2 Cells. qPCR was used to determine the expression of CYP3A4, 3A5, and 3A7 mRNA in A549 cells (Fig. 7C ) and DPX2 cells (Fig.  7D) . Only CYP3A5 mRNA was detected in A549 cells, which was significantly (∼2-fold) induced by BDP treatment, presumably via [M1] binding to the glucocorticoid receptor (GR), as previously suggested (Dvorak and Pavek, 2010) . In DPX2 cells, only mRNA for CYP3A5 and 3A7 were detectable under basal conditions, but 2-to 3-fold induction of mRNA for all three cytochrome P450 enzymes was observed following BDP treatment in the presence of esterase inhibitors (Fig. 7D) , presumably the result of PXR activation by BDP, as previously described (Dvorak and Pavek, 2010) .
Discussion
Inhaled glucocorticoids are the mainstay treatment of asthma. Although therapy is effective for the majority of patients, ∼30% do not achieve adequate asthma control (Mjaanes et al., 2006) . A possible explanation for ineffectiveness of treatment by glucocorticoids, referred to as steroid insensitivity, may be variations in the metabolic clearance capacity of therapeutically active glucocorticoids from lung cells involving CYP3A enzymes. Thus, the goal of this study was to evaluate whether the CYP3A family of enzymes, which are known to metabolize glucocorticoids, (Fig. 3) , with the proposed structure and neutral loss events leading to the diagnostic fragment ions depicted in the inset. Characterization of BDP metabolism using human liver microsomes, recombinant CYP3A enzymes, lung, and liver cells demonstrated that cytochrome P450 enzymes were not involved in the production of the pharmacologically active metabolite [M1] but produced a number of previously uncharacterized and presumed inactive clearance metabolites [M4-6] . Further evaluation of BDP metabolism by individual CYP3A enzymes indicated that CYP3A4 and CYP3A5 metabolized BDP at similar overall rates but that BDP was not a substrate for CYP3A7 in vitro. Characterization of individual metabolites of BDP generated by CYP3A4 and CYP3A5 revealed the production of previously uncharacterized oxygenated [M4] and dehydrogenated [M5] metabolites, as well as [M6], a product of both CYP3A4-mediated oxygenation and esterase-mediated ester cleavage. Collectively, these results support the hypothetical concept that BDP efficacy may be impacted by the rate and extent to which BDP is metabolized to pharmacologically inactive metabolites in lung cells and/or elsewhere in the body by CYP3A enzymes.
In support of this idea, a recent publication by Stockmann et al. (2013) demonstrated that the expression of the CYP3A4*22 allele, which codes for an inactive enzyme in the liver (Elens et al., 2011a (Elens et al., ,b, 2012 (Elens et al., , 2013 Kitzmiller et al., 2013) , coupled with treatment of these patients with the CYP3A4 and 3A5 mechanism-based inhibitor fluticasone propionate (Murai et al., 2010) , correlated with improved asthma control. As such, a decrease in CYP3A-mediated metabolism of fluticasone propionate (and possibly other glucocorticoids) in the lung and liver may increase the bioavailability of the active drug in the lung, leading to greater efficacy. Similarly, several genetic polymorphisms of CYP3A5 influence the expression levels of functional enzyme. The most common polymorphism is CYP3A5*3, which codes for an inactive form of CYP3A5 (Kuehl et al., 2001; Westlind-Johnsson et al., 2003) . The majority of Caucasians are homozygotes for the CYP3A5*3 allele and therefore do not express active CYP3A5 in the lung or elsewhere in the body. However, individuals that express the CYP3A5*1 allele, express an active form of CYP3A5 (Kuehl et al., 2001) . Following the logic above, such individuals may exhibit increased clearance capacity for BDP in lung cells and elsewhere in the body, potentially contributing to glucocorticoid insensitivity. However, this intriguing concept is speculative.
Results from his study may also suggest that developmental differences in CYP3A activity could influence BDP (and other glucocorticoid) activity. Specifically, because CYP3A7 is the dominant CYP3A enzyme expressed in newborn patients (Schuetz et al., 1994; Lacroix et al., 1997 ) and CYP3A7 does not efficiently metabolize BDP, infants could have decreased clearance of BDP in lung and liver cells relative to children and adults, potentially leading to greater exposure to active drug at lower doses. If this idea is confirmed by future studies, the ability to use lower doses to achieve therapeutic benefit could potentially reduce the risk for toxicity, such as adrenal crisis in patients receiving high doses of inhaled glucocorticoids (Newman, 2003) .
Finally, the relationship between esterase and CYP3A-dependent metabolism and glucocorticoid receptor activity were explored using lung (A549) and liver (DPX2) cells (Fig. 7) . (Fig. 7, A and B) . In A549 cells, the formation of [M1] from BDP was dependent upon esterases (Fig. 7A) . Ketoconazole, a selective CYP3A enzyme inhibitor, blocked [M5] production in A549 cells but not [M1] production (data not shown), confirming that CYP3A5 did not contribute to the activation of BDP in lung cells. Exploring the induction of CYP3A enzymes in response to BDP showed that only CYP3A5 was induced in A549 cells when esterases were active (Fig. 7B) . These data show that the production of [M1], likely acting through the glucocorticoid receptor, was responsible for the induction of CYP3A5. In DPX2 cells, however, CYP3A4, 3A5, and 3A7 mRNA expression was significantly induced by BDP, but only when esterase activity was inhibited (Fig. 7D) . These results suggest that rapid esterase-mediated clearance of BDP in the absence of esterase inhibitors limits CYP3A4 mRNA induction in liver cells and that the induction of CYP3A enzyme mRNA was primarily mediated by PXR activation by BDP, not [M1], as documented in the literature (Dvorak and Pavek, 2010) . These metabolic profiles and induction results suggest two different pathways regulate CYP3A gene expression in the lung and the liver.
The induction of CYP3A enzymes in response to glucocorticoid treatment has been extensively studied in the liver. At micromolar concentrations, induction of CYP3A enzymes occurs through PXR (which is not expressed in lung cells) (Dvorak and Pavek, 2010) . At submicromolar concentrations, glucocorticoid receptor ligands promote glucocorticoid receptor homodimer assembly and translocation into the nucleus where the transcription of the constitutive androstane receptor is induced. The constitutive androstane receptor nuclear receptor then binds to the retinoid X receptor a, forming a constitutive androstane receptor:retinoid X receptor a heterodimer, which ultimately promotes the transcription of CYP3A genes (Dvorak and Pavek, 2010) . This pathway, however, has not been fully evaluated in lung cells, and the results presented in Fig. 7 indicating a role for the glucocorticoid receptor in regulating CYP3A5 expression by BDP, and presumably other glucocorticoids, suggest that more studies are needed to determine not only how CYP3A5 is induced in the lung by glucocorticoids, but also to assess the pharmacological significance of increased CYP3A gene/enzyme expression in the lung, relative to the efficiency of glucocorticoids.
In summary, this study expands our knowledge of cytochrome P450-mediated metabolism of the glucocorticoid BDP, including the preliminary identification of several new cytochrome P450-specific metabolites: [M4], [M5], and [M6] . Although these studies do not link variations in CYP3A gene expression and/or function in lung cells, or elsewhere in the body, to variations in the disposition and efficacy of BDP in humans, these data support such a hypothesis. Further research into the ideas generated by this study may ultimately help advance our understanding of glucocorticoid resistance among asthmatics and improve selection of the most effective inhaled glucocorticoid for specific patients. Statistics used for A549 cell data analysis were one-way analysis of variance with Dunnett's post-hoc test. For DPX2 cell data analysis two-way ANOVA with Bonferronni post-hoc testing was used. Data are the mean and standard deviation from 6 replicates. n.d. Signifies that mRNA was not detected. *P , 0.05; ***P , 0.001; ****P , 0.0001. 
